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ABSTRACT 


A  metallographic  technique  Is  discussed  for  determining  the 
>  level  of  pressure  to  which  iron  plates  have  been  subjected  by  explo* 

sive  loading.  The  interaction  of  the  shock  and  rarefaction  ws^es 
within  the  plate  is  analyzed  to  arrive  at  formulas  fr^m  vhich  the 
*  intensity  of  pressure  can  be  determined  when  the  ’.'clecity  of  the 

detonation  front  is  known.  This  technique  is  employed  to  determine 
the  pressure  Induced  in  iron  by  oblique  detonation  of  four  common 
explosives,  Compositions  B,  C-3,  C-4,  and  H-6. 
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FOREWORD 


This  report  vaa  prepared  under  the  BUWEPS  Foundational  Reaearch 
Task  No.  R01101001.  The  experimental  data  were  obtained  from  atudiea 
conducted  under  the  NWL  Foundational  Research  Task  No.  12014.  The 
subject  matter  concerns  the  interaction  between  a  detonating  high 
explosive  and  a  confining  medium.  The  contents  of  the  report  are 
pertinent  to  the  fields  of  explosives  research,  high-pressure  physics, 
and  ordnance  design. 
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I.  i NTRODUCTION 

It  Is  by  now  well  established  that  two  distinct  shock  waves  are 
produced  in  an  iron  specimen  subjected  to  explosive  loading  in  the 
range  of  131  to  340  kilobars  [1,  2]*.  It  is  also  well  known  that 
this  shock  system  changes  the  hardness  of  the  specimen.  By  examina¬ 
tion  of  the  sectioned  specimen  after  test,  it  is  possible  to  deter¬ 
mine  the  meeting  point  of  the  slower,  high-pressure  shock  and  the 
reflection  of  the  faster  shock  from  the  free  surface.  This  inter¬ 
action  cone  appears  as  a  near  discontinuity  in  the  hardness  across 
the  thickness  of  the  specimen.  The  zone  can  be  detected  by  a  hard¬ 
ness  traverse  or  by  etching  and  visual  examination. 

Smith  [2,  3]  has  shown  that  the  location  of  the  interaction  zone 
can  be  used  to  compute  che  magnitude  of  the  pressure  applied  to  iron 
specimens  by  explosives.  Smiths  work,  however,  is  restricted  to 
the  case  of  normal  incidence  of  the  detonation  wave.  This  report 
extends  these  concepts  to  the  case  of  oblique  loading,  in  which  the 
detonation  front  sweeps  along  one  face  of  an  iron  plate  at  constant 
velocity.  Equations  are  derived  relating  the  induced  pressure  to 
the  disturbance  velocity  and  the  location  of  the  Interaction  sons. 
Also,  the  results  of  a  series  of  oblique-wave  experiments  arc 
analyzed  by  this  method  to  yield  values  of  induced  pressure  lor 
several  common  explosives. 


IX.  INTERACTION  ZONE  FORMATION  BY  OBLIQUE  LOADING 

This  section  will  develop  the  theory  of  interaction  zone  forma¬ 
tion  for  a  pressure  wave  of  constant  magnitude.  The  following 
section  will  relate  these  results  to  loading  by  detonation  waves. 

The  problem  is  illustrated  in  Figure  1.  A  disturbance  sweeps  along 
the  plate,  generating  in  the  plate  two  shock  waves  which  travel  with 
different  velocities.  The  first  shock  wave  reflects  at  the  free 
surface  as  a  rarefaction  wave.  This  rarefaction  returns  to  inter¬ 
sect  the  oncoming  second  shock  wave  and  form  the  interaction  zone. 

The  analysis  will  employ  a  coordinate  system  In  which  the  disturbance 
front  is  atseionsry.  The  symbols  to  be  used  arc  defined  below. 

x  *  coordinate  parallel  to  undisturbed  interface 

y  *  coordinate  perpendicular  to  undisturbed  interface 

V  ■  velocity  of  disturbance  along  x-axis 

02  "  angles  of  first  and  second  shock  waves  relative 
to  x-axis 

^Number;,  in  brackets  roles  to  References. 
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63  »  angle  of  interface  relative  to  x-axis 

0^  -  angle  of  rarefaction  wave  relative  to  undisturbed  free 
sur face 

ui  »  particle  velocity  change  produced  by  first  shock  wave 

U2  ■  particle  velocity  change  produced  by  second  shock  wave 

■  velocity  of  first  shock  wave  relative  to  undisturbed 
material 

U2  ■  velocity  of  second  shock  wave  relative  to  material 
ahead  of  the  wave 

R  ■  average  rarefaction  velocity  relative  to  material 
ahead  of  rarefaction  wave 


Vi  *  velocity  of  flow  between  shock  waves 
0  »  angle  of  flow  between  shock  waves,  relative  to  x-axis 


P^  *  pressure  behind  first  shock  wave 
P2  *  pressure  behind  second  shock  wave 
Vo  ■  initial  specific  volume  of  metal 

*  specific  volume  behind  first  shock  wave 
Vj  ■  specific  volume  behind  second  shock  wave 


The  objective  of  the  analysis  is  to  express  the  pressure  applied 
to  tlv  metal,  P2,  in  terms  of  the  interaction  zone  location.  In 
distinction  to  the  case  of  normal  loading,  the  disturbance  velocity,  V, 
also  appears  in  the  relationship.  It  is  most  convenient  to  compute 
and  tabulate  this  relationship  by  first  assuming  values  for  P2  and  V 
and  then  calculating  the  zone  location. 


The  velocities  and  u^ 

•nd  .32  JEEL.,  respectively. 

\i  sec 

The  velocities  U2  and  U2 


are  given  by  reference  1  as  5.05  — S1?— 
0  J  yusec 


are  expressible  as  follows  [2]: 


U2  ■  ^P2  -  Pi)(vj  -  v$) 
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The  specific  volumes  and  corresponding  to  pressures  P^  and 

are  defined  by  the  Hugoniot  function.  Fig.  2.  In  this  paper,  values 
of  131  kb  and  .936  are  used  for  Pj  and  vj/vQ,  respectively.  From 
Fig.  2  and  the  foregoing  equations,  the  quantities  U2  and  U2  can  be 
computed  for  any  specific  P2. 

The  angle  0^  is  determined  by  the  condition  that  the  component 
of  V  normal  to  the  shock  wave  must  equal  the  shock  velocity: 

V  sin  0!  -  Ui  0i  -  sin  "l  ul/v 

Upon  crossing  the  first  shock,  the  velocity  component  normal  to  the 
front  is  reduced  by  the  amount  ui.  The  tangential  component  is 
unaffected  by  the  shock.  The  quantities  0  and  Vi  are  therefore  given 


V|2  -  (V  cos  0t)2  +  (UL  -  Ul)2 


TJie  angles  02  and  @4  are  determined  by  the  condition  that  the 
flow  velocity  normal  to  the  respective  wave  fronts  must  be  equal  to 
the  wave  velocities: 

Vi  sin  (@2  -  0)  *  U2  ©2  *  8in 


and 

Vi  sin  (04+  0)  -  R  04  ■  sin 

A  value  of  4.93  JfS-  is  used  for  R  in  this  paper.  This  is  the  average 
u,  sec 

of  velocities  of  the  head  and  tail  of  the  rarefaction  wave  as  given  in 
reference  3  when  adjustments  are  made  for  the  difference  in  coordi¬ 
nates.  The  average  rarefaction  velocity  is  used  here  because  it  is 
expected  that  this  procedure  will  produce  the  best  estimate  of  the 
location  of  the  center  of  the  interaction  zone.  It  is  realized  that 
the  wave  pattern  during  interaction  is  complex  and,  in  particular, 
that  the  velocity  of  the  shock  wave  does  not  remain  constant  after 
Interaction  begins.  The  use  of  a  constant  shock  velocity  within  the 
region  covered  by  the  rarefaction  wave  in  Fig.  1  is  therefore  an 
approximation. 
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Tli?  location  cf  the  interaction  none  can  be  determined  for 
nnceific  1^  and  V  Lrom  calculated  values  of  9i  ,  9^,  9/+,  and  0.  The 

configuration  is  shown  in  Fig.  3,  where  the  location  of  the  inter¬ 
action  zone  relative  to  the  surface  of  the  plate  adjacent  to  the 
explosive  is  defined  by  the  length  a.  The  line  of  metal  particles 
which  forms  the  center  of  the  interaction  zone  crosses  the  first 
shock  and  moves  at  an  angle  0  toward  the  intersection  of  the  rare¬ 
faction  and  the  second  shock.  Defining  an  auxiliary  set  of  lengths 
c,  d,  and  e,  the  geometry  of  Fig.  3  yields  the  following  equations: 


d  cos  <^2  =  c  cos  9^  +  e  cos  9^ 


h  =  c  sin  9, 


h  =■  e  sin  9^  +  d  sin  92 


tan  0  •- 


(h-a)  -  e  sin  0s 


c  cos  9.  +  e  cos  -  __2_ 

1  '+  tan  0. 


The  above  equations  may  be  solved  for 

angles : 

^  sin  9^  cos  02  -  sin  $2  cos  °1 
a  sin  9^  cos  9^  +  sin  9^  cos  9^ 

The. above  equation  was  used  to  plot  ?2  as  a  function  of  a/h  and 
V  in  Fig.  4.  It  is  worthwhile  to  note  that  the  curve  for  normal 
incidence,  calculated  from  reference  3,  must  be  the  limiting  curve 
for  oblique  incidence  as  the  velocity  V  approaches  infinity.  Fig.  4 

shows  that  a  velocity  of  15  is  essentially  "infinite"  as  far  as 

fj.sec 

the  value  of  a/h  is  concerned.  The  velocity  of  5.44  _J2EL  is  the 

J  jusec 

minimum  velocity  for  which  the  analysis  presented  in  this  report  is 
valid.  At  this  value  of  V,  the  flow  behind  the  first  shock  wave 
beeches  sonic;  i.e.,  the  magnitude  of  the  flow  velocity,  V^,  becomes 
equal  to  the  local  sound  speed,  5.15  For  velocities  below 

5.44 -EE-,,  the  diagram  in  Fig.  1  will  no  longer  describe  the  wave 

pattern  in  the  plate,  since  the  influence  of  the  free  surface  will 
no  longer  be  confined  to  a  region  downstream  of  the  first  shock 
wave. 


h/a  in  terms  of  the  known 


tan  0  cos  9;(  +  s<n 

sin  9^  -  tan” JT  cos  @2 
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It  is  also  possible  to  derive  the  angle  of  interface  deflec¬ 
tion  63,  in  terms  of  a/h  and  V.  Upon  crossing  the  second  shock,  the 
normal  component  of  velocity  is  reduced  by  the  particle  velocity, 

U2»  appropriate  to  that  shock.  The  resulting  flow  must  be  parallel 
to  the  interface,  and  the  angle  of  the  flow  relative  to  x  is  there¬ 
fore  63.  The  appropriate  equation  is  as  follows: 


®3 


®2 


cos 


Fig.  5  presents  the  relationship  between  63,  a/h,  and  V.  Normal 
Incidence  produces  no  interface  rotation,  and  63  is  zero  when 

V  For  this  case,  the  minimum  value  of  a/h  is  .537,  correspond¬ 
ing  to  an  applied  pressure  of  131  kb.  Thus,  the  limit  curve  for 

V  ■  o’  is  the  portion  of  the  horizontal  axis  between  a/h  ■  .537  and 
a/h  ■  1. 


III.  OBLIQUE  DETONATION  WAVES 

Before  the  theory  of  the  previous  section  can  be  applied  to 
loading  by  explosives,  it  is  necessary  to  examine  the  nature  of 
oblique  detonation  waves  in  some  detail.  For  this  purpose,  we  will 
employ  the  familiar  detonation  wave  model  consisting  of  a  surface 
upon  which  all  variables  have  Chapman- Jougue t  values,  followed  by  a 
region  in  which  pressure  monotonically  decreases  toward  zero.  Such 
a  model  ignores  the  finite  reaction  zone  which  must  precede  the 
Chapman-Jouguet  surface.  A  portion  of  the  wave  pattern  induced  in 
an  iron  plate  by  this  detonation  wave  is  shown  in  Fig.  6  for  two 
distinctly  different  cases. 

Case  1  in  Fig.  6  is  very  similar  to  the  situation  discussed  in 
Section  II.  The  only  difference  arises  from  the  fact  that  the  pres¬ 
sure  behind  the  detonation  front  is  not  constant,  but  is  diminishing 
wit-',  distance  along  the  interface.  The  decreasing  pressure  produces 
a  rarefaction  wave  which  interacts  with  the  second  shock  wave  in  the 
iron,  lowering  the  peak  pressure,  and  therefore  the  velocity,  of  the 
shock.  The  second  shock  front  is  consequently  not  straight,  and  the 
location  of  the  interaction  zone  is  not  simply  related  to  the  induced 
pressure. 

In  Case  2,  a  fundamentally  different  phenomenon  occurs.  Here 
the  Induced  pressure  along  the  interface  is  assumed  to  vary  in  the 
same  manner  as  in  Case  1,  but  the  plate  is  thicker.  When  the  pres¬ 
sure  at  the  interface  decays  to  131  kb,  a  rarefaction  shock  [5]  is 
produced.  This  shock  is  formed  because  rarefaction  velocities  for 
pressures  below  131  kb  exceed  those  for  pressures  immediately  above 
131  kb.  The  lower-pressure  rarefaction  wavelets  move  into  the  metal 
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and  overtake  wavelets  associated  with  the  higher  pressures,  creating 
a  discontinuity  in  the  flow  variables.  This  rarefaction  shock 
eventually  overtake?  the  second  shock  wave  and  annihilates  it.  The 
streamline ~upon  which  this  interaction  occurs  separates  the  plate 
into  two  regions,  one  having  experienced  higher  pressures  than  the 
other.  It  would  thus  be  expected  that  a  discontinuity  in  hardness 
similar  to  that  observed  in  Case  1  will  occur  here  also. 

From  the  foregoing  discussion,  the  hardened  zone  thickness,  a, 
is  expected  to  vary  with  plate  thickness,  h,  in  the  following 
manner,  the  explosive  thickness  being  constant:  For  very  thick 
plates,  a  is  independent  of  h.  As  h  is  reduced,  however,  a  point 
is  reached  at  which  a  abruptly  begins  to  diminish.  Because  of  the 
curvature  of  the  second  shock  in  Fig.  6,  the  rate  of  decrease  of  a 
Increases  as  h  becomes  smaller.  As  h  approaches  zero,  the  inter¬ 
action  of  the  second  shock  and  the  reflected  rarefaction  occurs 
under  conditions  which  approach  those  assumed  in  Section  II;  i.e., 
constant  pressure  behind  the  second  shock  and  a  straight  second 
shock  front.  It  follows  that  the  peak  pressure  induced  in  the 
metat^vhich  is  the  pressure  associated  with  the  front  of  the 
detonation  wave,  can  be  found  by  determining  the  limiting  value  of 
a/h  as  h  tends  to  zero  and  employing  this  quantity  in  the  analysis 
of  Section  II. 

As  a  final  point  of  interest,  it  is  worthwhile  to  consider  the 
influence  of  explosive  thickness  upon  the  a(h/  relation  discussed 
in  the  preceding  paragraph.  The  necessary  relations  can  be  con¬ 
veniently  found  from  dimensional  analysis.  For  Case  1  of  Fig.  6, 
the  quantity  a  depends  upon  the  following  variables: 

Pcj  ■  Chapman -Jouguet  pressure  of  explosive 

p  *  density  of  explosive 

D  ■  detonation  velocity  of  explosive 

S  ■  any  coefficient  in  the  function  P(v/vQ)  represent¬ 
ing  Hugoniot  curve  for  iron 

A-  explosive  thickness 
h  ■  plate  thickness 
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The  first  3  variables  completely  characterize  the  explosive.  Defini¬ 
tions  of  other  explosive  parameters  in  terms  of  these  quantities  are 
given  in  reference  6.  The  quantity  S  requires  brief  explanation: 
Consider  the  Nugoniot  curve  for  iron  expressed  exactly  as  a  function 
of  v/vD.  This  is  always  possible  conceptually,  although  in  practice 
the  function  may  be  very  complex.  Since  the  function  contains  only 
the  variables  P  and  v/vot  and  since  v/vQ  is  dimensionless  while  P 
has  dimensions  of  pressure,  it  follows  that  all  coefficients  occurring 
in  the  function  must  have  dimensions  of  pressure  or  be  dimensionless. 
The  set  of  these  coefficients  then  characterizes  the  material,  and  a 
typical  coefficient  is  represented  by  S. 

Proceeding  with  the  formation  of  dimensionless  variables,  the 
following  results: 


where  f  denotes  "a  function  of’.  Since  we  are  considering  only  one 

metal  and  one  explosive,  J!L  and  p _ are  conatnnts.  Under  these 

pcj  pcj 

conditions,  then,  £  is  a  function  of  jl.  This  is  the  desired  result; 
the  a(h)  relation  for  an  explosive  thickness  o f  ,  can  be  found  from 
that  for  a  thickness  by  multiplying  both  ordinate  and  abscissa 

by  the  factor-f^Aft.  In  the  common  terminology,  the  solution  is  said 
to  "scale". 

In  Case  2  of  Fig.  6,  a  does  not  depend  upon  h.  The  appropriate 
relationship  therefore  is 


For  a  specific  metal-explosive  combination,  the  function  on  the 
right  is  constant,  and  a  is  given  by 

a  -  constant  x  ^ 

This  shows  that  the  maximum  hardened  zone  thickness  is  directly  pro¬ 
portional  to  explosive  thickness. 
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A  later  section  of  this  report  will  present  experimental  data 
on  hardened  zones  for  various  explosives  and  plate  thicknesses! 
These  data  will  be  plotted  on  a  fji  -  h/Jt  coordinates  for  comparison 
with  the  theory  developed  here. 


IV.  EXPERIMENTS 

A  number  of  experiments  were  performed  In  which  iron  and  steel 
plates  were  subjected  to  oblique  loading  by  four  different  explo¬ 
sives.  The  explosives  employed  in  the  experiments  are  listed  in 
Table  I.  Included  are  the  compositions,  measured  densities,  and 
estimated  detonation  velocities.  The  references  from  which  the 
detonAtion  velocities  were  determined  are  given  in  parentheses t 


TABLE  t 

CHARACTERISTICS  OF 

EXPLOSIVES 

Explosive 

Composition 

Density 

(sm/ccj 

Detonation 

Velocity 

farclatec? 

Comp  B 

60/40,  RDX/TNT 

1.71 

7.9  (7) 

C-3 

77/10/5/4/3/1 

RDX/DNT/MNT/TNT/ 

Te  tr  y 1 /Ni troce 1 lu los e 

1.57 

7.6  (8) 

C-4 

91/9,  RDX/Plastlclzer 

1.40 

7.3  (8) 

H-6 

45/30/20/5,  RDX/TNT/ 
Aluminum/Wax 

1.78 

7.2  (9) 

Fig,  7  shows  the  experimental  arrangement.  Initiation  of  the 
plan'Jlc  explosives  was  provided  by  a  series  of  detonators  located 
along  one  edge  of  the  slab.  For  the  cast  explosives,  the  detonators 
were  placed  in  an  auxiliary  slab  of  plastic  explosive  (Composition  C-3) 
which  abutted  the  main  slab.  In  all  cAses,  the  maximum  spacing  of  the 
detonators  was  1.5".  In  the  experiments,  the  metal  thickness  was 
varied  from  ,2"  to  1".  The  explosive  thickness  was  set  at  1"  for  all 
explosives  except  Composition  C-3.  For  C-3,  the  explosive  thickness 
was  varied  from  .23"  to  2". 
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After  test,  the  plates  were  sectioned  longitudinally  along  the 
center  line  and  etched  to  render  the  interaction  zone  visible.  It 
was  observed  that  the  hardened  region  varied  in  thickness  for  the 
first  2"  of  detonation  wave  travel  but  then  attained  a  constant 
value.  Certain  plates  were  sectioned  laterally  as  well  as  longi¬ 
tudinally.  It  was  found  that  the  uniform  hardened  region  extended 
to  within  1-1/2  plate  thicknesses  of  the  lateral  edges.  From  these 
results  it  was  concluded  that  the  central  portions  of  the  plates 
experienced  steady  detonation  conditions  and  were  free  from  lateral 
expansion  effects  during  the  formation  of  the  interaction  zone. 

There  was,  however,  in  many  plates  a  reduction  in  thickness  as  a 
result  of  lateral  expansion  occurring  at  later  times.  This  reduction 
was  generally  less  than  57.  for  explosive  thicknesses  of  1"  or  less 
but  attained  values  of  approximately  107.  for  some  of  the  thicker  C-3 
tests.  It  was  also  observed  that  some  plates  contained  Internal 
cracks  and  spalls  which  produced  a  final  thickness  greater  than  the 
original.  The  deformation  of  the  plates  necessitated  a  correction 
of  the  measured  hardened  zone  thicknesses;  the  measured  thicknesses 
were  multiplied  by  the  ratio  of  original  plate  thickness  to  final 
plate  thickness.  Those  corrected  data  are  presented  in  Figures  8 
and  9.  All  of  the  data  from  the  tests  are  tabulated  In  Appendix  A. 

The  iron  plates  used  in  these  experiments  were  ot  Arnco  iron. 

The  steel  plates  varied  from  type  1018  to  type  1025,  with  carbon 
content  ranging  from  .157.  to  .287..  There  was  no  significant  , 
difference  in  the  data  from  the  iron  and  steel  plates.  For  this  rea¬ 
son  the  plate  materials  are  not  distinguished  in  Figures  8  and  9. 


V.  DISCUSSION 

Figure  8  displays  the  data  for  Composition  C-3  on  a/j?  -  h/X 
coordinates.  The  data  are  rather  scattered,  particularly  for  the 
sma’ler  explosive  thicknesses.  To  within  the  accuracy  of  the  data, 
however,  the  results  are  completely  consistent  with  the  theory  pre¬ 
sented  in  Section  III.  The  salient  features  are  enumerated  below: 

1.  The  hardened  zone  thickness,  a,  ’’scales"  with  respect  to 
explosive  thickness,^,  and  plate  thickness,  h;  i.e.,  the  ratio  a/j £ 
is  a  function  only  of  the  ratio  h/f. 

2.  a /J(  is  constant  for  large  h/,f. 

3.  a/j?  beo  mes  dependent  upon  h/^  as  h/J?  is  reduced,  and  the 
rate  of  Increase  increases  with  decreasing  h/^. 

4.  Tho  rat.  u/h  approaches  a  finite  limit  as  h/j£  tends  to  zero. 
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Figure  9  presents  the  data  for  the  other  explosives  tested. 

The  value  of  Is  1  in.  in  all  cases  except  those  taken  from  refer¬ 
ence  10.  Again,  the  results  are  consistent  with  the  theory  of 
Section  III.  The  only  serious  deviations  appear  in  two  points  on 
the  curves  for  C-4  and  H-6,  where  the  value  of  a/^  seems  low.  In 
view  of  the  scatter  shown  by  the  more  numerous  data  for  C-3,  how¬ 
ever,  it  is  felt  that  these  discrepancies  are  attributable  to 
experimental  error  and  are  not  significant. 

The^d&ta  for  Composition  B  from  the  experiments  described  in 
Section  IV  were  not  sufficient  to  define  the  plateau  portion  of  the 
a/^Ch/j?) relation.  Fortunately,  additional  data  were  available  from 
reference  10  for  explosive  thicknesses  of  .500,  .504,  .948,  and 
1.000  in.  and  plate  thicknesses  of  approximately  2  in.  Two  of  these 
data  are  ahown  in  Figure  9.  The  other  two  lie  near  h#  «  4  and  pro¬ 
vide  h/Ji  values  of  approximately  .55.  Thus,  this  independently 
obtained  information  supplements  the  results  of  these  experiments 
and  establishes  that  the  variation  of  hard  zone  with  plate  thickness 
for  Composition  B  is  consistent  with  the  theory  of  Section  III. 

The  asymptotic  values  of  a/h  for  small  h iJi  may  be  used  with  the 
analysis  of  Section  II  to  obtain  peak  pressures  induced  in  Iren  by 
oblique  detonation  waves  in  the  various  explosives.  The  estimated 
asymptotic  slopes  are  Indicated  in  Figures  8  and  Using  the 
detonation  velocities  of  Table  1  for  the  quantity  V  of  Figure  4,  the 
following  table  is  obtained: 
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The  accuracy  of  the  -calculated  pressures  la  governed  by  the 
accuracies  of  the  asymptotic  slopes,  a/h,  and  the  detonation  veloc¬ 
ities  |  V.  The  possible  error  in  the  slopes  is  estimated  from  the 
scatter  in  the  data  of  Figures  8  and  9  as  ±5%.  Reference  to  Fig.  4 
shows  that  the  resulting  error  in  pressure  is  8.57.  at  the  point 
V  -  8.00,  P  -  200. 

Error  in  detonation  velocity  arises  from  the  fact  that  V  was 
not  measured  in  the  tests  but  was  estimated  from  available  detona¬ 
tion  velocity  data.  These  data  relate  to  cylinders  of  explosive 
and  not  slabs  of  the  sort  employed  In  the  experiments.  It  can  be 
shown,  however,  that  the  error  in  V  has  only  a  small  effect  upon 
accuracy  of  the  pressure.  To  obtain  an  order-of-magnitude  estimate 
of  the  possible  error  in  V,  an  equation  relating  detonation  veloc¬ 
ity  in  Composition  B  to  charge  diameter  will  be  used  [7] : 

detonation  velocity!^]  -  2.652  +  3.127  x  density  gsj 

+  .0l34(7.RDX-65)  -  .151/dlaSeter  [cm] 

The  variation  in  velocity  between  a  charge  of  1  cm  diamater  and  one 

of  infinite  diameter  is  .15  Taking  this  aa  an  estimate  of 

;isec 

the  possible  error  in  V  for  our  problem,  Fig,  4  vialda  an  error  in 
pressure  of  1.5%  at  the  point  V  «  8.00,  P  -  200.  Combining  the 
effects  of  errors  in  a/h  and  V,  the  maximum  error  of  the  pressures 
in  Table  2  is  estimated  to  be  ±107.. 

It  is  worthwhile  to  examine  the  plausibility  of  the  computed 
peak  pressures  in  the  light  of  other  data  from  the  literature. 
Unfortunately,  data  for  oblique  loading  are  not  too  numerous.  The 
following  table  lists  information  from  several  references: 


TABLE  J 

PEAK  INDUCED 

PRESSURES  FROM  OTHER 

SOURCES 

Reference 

System 

Explosive 

Density 

f  sra/ccl 

Detonation 

Velocity 

[mmAzsecj 

Peak 

Pressure 

fkb]  . 

11 

63/37  Comp  B 
Aluminum 

1.67 

7.868 

168 

11 

63/37  Comp  B 
Copper 

1.67 

7.868 

188 

12 

60/40  Comp  B 
Aluminum 

1.73 

8.0 

178 
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TABLE  3  (Continued) 


Referfff?£e 

"  ~  System 

Explosive 

Density 

tem/ccl 

Detonation 
Velocity 
[mm /us eel 

Peak 

Pressure 

fkb] 

13 

Comp  B  -  Aluminum 

- 

189 

13 

Comp  B  -  Copper 

- 

- 

205 

13 

Comp  B  -  Iron 

- 

- 

196 

10 

Comp  B  -  Aluminum 

- 

7.62  -  7.95 

195 

In  this  table,  all  pressure  values  except  tbe  last  were  given  by 
theoretical  solutions  of  the  problem  of  oblique  loading.  The  last 
entry  Is  based  upon  experimental  data  contained  in  reference  10.  It 
was  obtained  by  extrapolating  to  zero  the  data  for  peak  pressure 
versus  depth  in  plate.  From  these  results,  it  appears  that  the 
pressures  determined  in  this  report  by  the  interaction  zone  method 
are  reasonable.  The  difference  between  the  (hsup  h  ■-  iron  pressure 
from  reference  13  and  that  presented  in  Table  2  is  within  experimental 
error. 


VI.  SUMMARY 

Smith's  method  for  determining  explosive -induced  pressures  in 
iron  by  metallographic  techniques  is  extended  to  include  oblique 
loading.  The  peak  pressure  and  the  interface  deflection  angle  are 
presented  as  functions  of  the  detonation  velocity  and  the  location 
of  the  interaction  zone.  A  series  of  experiments  with  four  common 
explosives,  are  described,  and  the  peak  pressures  computed  by  this 
met' jd  compare  satisfactorily  with  information  from  other  sources. 

For  all  systems  investigated,  the  interaction  zone  location  is 
found  to  scale  with  respect  to  the  metal  and  explosive  thicknesses. 
It  is  observed,  under  certain  circumstances,  that  the  interaction 
sons  is  formed  by  a  rarefaction  wave  from  the  explosive -metal  inter¬ 
face  rather  than  by  a  rarefaction  originating  at  the  free  surface  of 
the  metal. 
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TABULATION  OF  EXPERIMENTAL  DATA 

All  dimensions  are  in  inches.  Asterisks  denote  plates  of  Armco 
iron_5^Ihe -remainder  of  the  plates  are  steel  with  carbon  content 
between  .152  and  .282. 

1.  Composition  C-3  Explosive 


Original 

Final 

Measured 

Corrected 

rr 

Explosive 

Plate 

Plate 

Hardened 

Hardened 

i:" 

Thickness 

Thickness 

Thickness 

Zone 

Zone 

i 

.244 

.100* 

.097 

.058 

.060 

t 

.239 

.099 

.101 

.145 

.044 

K 

.242 

.216 

.216 

.074 

.074 

v> 

.245 

.218 

.220 

.058 

.057 

.250 

.351* 

.342 

.096 

.098 

iu. 

.250 

.462 

.459 

.089 

.090 

i 

1;'-  . 

1 

.256 

.939 

.936 

.144 

.144 

.257 

.936 

.935 

.140 

.140 

.250 

.957 

.958 

.109 

.109 

► 

.253 

.956 

.941 

.090 

.091 

l 

.250 

.948 

.924 

.130 

.133 

fcr' 

r 

t 

f- 

.502 

.098* 

.081 

.062 

.075 

.502 

.099 

.099 

.066 

.066 

.499 

.200* 

.200 

.104 

.104 

i.i 

tii 

i: 

.512 

.215 

.214 

.121 

.121 

.500 

.199 

.195 

.121 

.124 

p 

.499 

.350* 

.348 

.171 

.172 

t 

.510 

.355 

.352 

.177 

.178 

Hr- 

.501 

.464* 

.463 

.148 

.148 

i 

¥  • 

.508 

.462* 

.440 

.198 

.208 

l 

.4°7 

.458 

.453 

.143 

.145 

t 

f  ; 

.*♦98 

.486 

.489 

.167 

.166 

p 

.518 

.552 

.551 

.178 

.178 

». 

i . 

.521 

.650 

.644 

.189 

.191 

.522 

.751 

.710 

.181 

.192 

| 

.499 

.936 

.936 

.196 

.196 

.492 

.956 

.899 

.239 

.254 

S'' 

!’ 

.760 

.099 

.100 

.080 

.079' 

r 

.741 

.197 

.210 

.134 

.126 

.758 

.351* 

.334 

.205 

.216 

f 

.754 

.356 

.350 

.216 

.220 

.740 

.456 

.441 

.255 

.264 

p  * 

i 

.770 

.552 

.536 

.278 

.286 

1 

.772 

.648 

.643 

.224 

.225 

t 

r‘ 
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TABULATION  OF  EXPERIMENTAL  DATA  (Continued) 


1.  Ccaposition  C-3  Explosive  (Continued) 


Explosive 

Thickness 

Original 

Plate 

Thickness 

Final 

Plate 

Thickness 

Measured 

Hardened 

Zone 

Corrected 

Hardened 

Zone 

.772 

.752 

.746 

.276 

.278 

.738 

.939 

.738 

.314 

.314 

.766 

.956 

.941 

.373 

.378 

.766 

.956 

.917 

.261 

.271 

f 

.981 

.198* 

.183 

.123 

.133 

>■ 

1.010 

.197 

.191 

.145 

.150 

.988 

.350* 

.334 

.234 

.245 

.991 

.356 

.351 

.268 

.272 

t 

1.003 

.352 

.339 

.227 

.236 

I 

)r 

1.013 

.470* 

.452 

.276 

.287 

r 

.997 

.456 

.435 

.291 

.305 

K 

fr 

* 

1.040 

.458* 

.440 

.294 

.306 

f 

» 

1.009 

.648 

.633 

.238 

r 

jk 

.972 

.936 

.890 

.415 

.436 

i 

■ 

.985 

.956 

.908 

.427 

.449 

1' 

1.019 

.851 

.859 

.420 

.416 

fv. 

f 

1.018 

.749 

.738 

.339 

.344 

* 

E 

1.010 

.552 

.529 

.304 

.317 

r 

1.497 

.198 

.197 

.134 

.135 

1 

1.505 

.350* 

.335 

.199 

.208 

r 

1.504 

.356 

.327 

.225 

.245 

1 » 

1.486 - - - - 

.354 

.327 

.235 

.254 

■ 

&*■ 

1.487 

.351 

.326 

.223 

.239 

| 

1.496 

.458 

.418 

.248 

.271 

r 

1.5C* 

.486 

.465 

.290 

.303 

r. 

1.509 

.552 

.500 

.364 

.401 

i 

1.522 

.648 

.601 

.359 

.387 

i**'. 

1.502 

.749 

.720 

.422 

.438 

I' 

1.516 

.847 

.820 

.506 

.521 

‘L  ' 

r 

1.501 

.936 

.906 

.512 

.528 

i- 

1.500 

.956 

.931 

.567 

.582 

v: 

V 

2.008 

.199 

.186 

.140 

.150 

2.006 

.350* 

.325 

.209 

.225 

'i 

2.011 

.351 

.317 

.212 

.235 

* 

2.013 

.486 

.435 

.267 

.298 
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TABULATION  OF  EXPERIMENTAL  DATA  (Continued) 


1.  Composition  C-3  Explosive  (Continued) 


Original 

Final 

Measured 

Corrects 

Explosive 

Plate 

Plate 

Hardened 

Hardened 

Thickness 

Thickness 

Thickness 

Zone 

Zone 

2.016 

.552 

.485 

.295 

.337 

2.008 

.650 

.584 

.343 

.382 

2.006 

.752 

.699 

.482 

.520 

2.052 

.956 

.894 

.593 

.634 

2.  Composition  C-4  Explosive 

.997 

.198 

.193 

.145 

e 

VO 

1.009 

.356 

.342 

.239 

.248 

.993 

.456* 

.437 

.288 

.300 

1.007 

.552 

.534 

.318 

.329 

1.011 

.649 

.630 

.316 

.325 

1.008 

.750 

.747 

,  /r-0 

.261 

.998 

.936 

.934 

.320 

■  i2 1 

3.  Composition  B  Explosive 

1.022 

.199 

.197 

.161 

.163 

1.022 

.353 

.347 

.276 

.280 

1.022 

.486 

.467 

.331 

.345 

1.024 

.650 

.634 

.454 

.468 

1.022 

.749 

.738 

.514 

.522 

1.021 

.957 

.925 

.547 

.566 

1.022 

.552 

.531 

.382 

.391 

1.023 

.849 

.836 

.604 

.613 

4,  imposition  H-6  Explosive 

1.035 

.199 

.178 

.121 

.135 

1.015 

.351 

.340 

.237 

.245 

1.020 

.486 

.442 

.301 

.331 

1.037 

.648 

.622 

.332 

.346 

1.015 

.747 

.734 

.231 

.235 

1.020 

.956 

.901 

.324 

.344 

1.035  __ 

.552 

.552 

.320 

.320 
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